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1.0 Objectives and Approach

Gamma titanium alumindes have recently received a great deal of attention due to the
potential for application in military and commercial aircraft engines. However, one concern
that persists with this class of materials is their sensitivity to environmental embrittlement.
This research has specifically focused on hydrogen embrittlement of gamma titanium
alumindes with the ultimate objective of identifying mechanisms of degradation and
microstructures that are resistant to degradation in hydrogen containing environments.
Accordingly, the first year of this program focused on defining the range of conditions
under which hydrogen charging occurs in a number of alloys, including Ti-48Al-2Cr-2Nb
alloy in cast + HIP and isothermally forged forms, and vacuum arc melted Ti-52Al. In the
second and third years we studied in detail hydrogen-induced changes in microstructure

and the resultant mechanical properties of hydrogen-charged materials.

2.0 Summary of Results

Gas phase charging experiments have been conducted over the temperature range of 500°C
to 1100°C with hydrogen preséures from 0.1 to 13.8 MPa. Following high pressure
charging, two different hydrides have been observed: a newly identified tetragonal hydride
and a FCC § hydride. The new hydride, designated the 6 phase, has a composition of
approximately TipAIH and is body centered tetragonal with lattice parameters of a =
0.528nm and ¢ = 2.848nm. This hydride forms primarily at the expense of the o, phase,
with an orientation relationship between the © phase and ap or y phases of
(0001)0rp//(111)y//(001)g, [112 OJap//[11 O1y/[100]g. The & phase is isomorphous with
the hydride formed in pure titanium, with a lattice parameter of 0.445nm. Following

charging at hydrogen gas pressures of 7 MPa and 13.8 MPa, both hydride phases have




been observed throughout all materials examined, with the exception of fully lamellar 48-2-
2 alloy, where only cubic hydrides have been observed.

In materials charged at a lower pressure of 0.1MPa, both hydride phases have been
observed only in near-surface regions in association with a series of reactions with trace
gaseous impurities that result in complex mixtures of oxides and hydrides. In the absence
of these impurities, all hydrogen remains in solution following charging at 0.1 MPa and no

hydrides were observed in any of the compositions examined.

Tension tests were conducted on samples that were pre-exposed to 0.1 MPa (1 atm)
hydrogen at 500°C for 72 hrs and on samples that were exposed to air and vacuum,
respectively, at 500°C for 72 hrs. The average hydrogen uptake for these pre-charging
experiments was 315 wppm, and under these conditions all hydrogen remains in solution.
Yield strengths were not significantly influenced by the hydrogen or air exposures at
500°C. However, both the hydrogen and air exposures reduced tensile ductility.
Compression experiments on samples subjected to higher pressure hydrogen charging
show that the hydrides produce substantial strengthening with only a minor effect on strain
rate sensitivity and work hardening rates at room temperature. Although no tension
experiments could be conducted on high pressure charged material, the brittleness of post-

charged foils suggests that these hydrides have a very detrimental effect on properties.

3.0  Description of Research

Specific details regarding the research program are given in the following sections.
Experimental materials and procedures are first outlined, microstructural and mechanical

observations are given and this is followed by a discussion of the findings.



3.1 Experimental Materials and Procedures

The bulk of the research to be described here was aimed at one gamma titanium aluminide
alloy, Ti-48AI-2Cr-2Nb. Cast slabs, cast and hipped bars and isothermally forged
pancakes of Ti-48A1-2Cr-2Nb (subsequently referred to as "48-2-2" for convenience) were
obtained from General Electric Aircraft Engines. The Al levels in the cast and forged
materials were matched in order to permit direct property comparisons between these two
forms of material. The composition, including interstitials, of the cast and wrought

materials, respectively, is given in Table L.

To assess the possible effects of chemical composition, a limited number of experiments
were also been conducted on three binary alloys, Ti-52Al, Ti-50Al and Ti-49Al, as well as
some powders of the 48-2-2 alloy. The Ti-52Al material was produced by vacuum arc
melting at DMRL, Hyderabad, India, while the Ti-49Al was cast + extruded by McDonnell

Douglas.

The response of two different 48-2-2 microstructures to hydrogen exposure has been
investigated. The first is a duplex microstructure established through casting and/or
wrought processing and a subsequent heat treatment of 1280°C/3hrs (air cool) +
900°C/4hrs. The second is a fully lamellar microstructure produced by a heat treatment of
1400°C/3hrs (air cool) + 900°C/4hrs. To investigate the behavior of a single phase alloy
under the same charging conditions, samples of Ti-52Al were also subjected to a heat
treatment of 1280°C/3hrs (air cool) + 900°C/4hrs. The microstructures of the duplex
isothermally forged and cast materials are shown in Figures 1(a) and 1(b). The
microstructures of the fully lamellar 48-2-2 and the Ti-52Al are shown in Figures 1(c) and

1(d), respectively. The forged 48-2-2 material had a microstructure consisting of equiaxed
v grains and 1y - a2 grains of very finely spaced lamellae, along with some blocky a2 along




grain boundaries. Due to the evolution of grain structure during solidification, the cast 48-
2-2 material exhibited considerable inhomogeneity with regard to lamellae orientation
throughout the cast slab. The Ti-52Al material was composed of single phase gamma
grains (with grain sizes in the range of 100pm - 300pum) with occasional particles of AlpO3

dispersed throughout the structure.

Table I - Chemical Composition of Experimental Materials

Material Ti Al Cr Nb H 0 N

(at%) | (at%) | (at%) | (at%) | (wppm) | (wppm) | (Wppm)

48-2-2 Cast | 48.6 47.3 1.9 1.9 24 740 70

48-2-2 48.7 47.4 1.9 2.0 37 530 40

Forged
Ti-52Al 48.4 51.6 30
Ti-S0Al 50.1 49.9 18

For charging of all the experimental materials, blanks measuring approximately 15 x 15 x
2mm were mechanically polished, cleaned with methanol and subjected to gas phase
charging. Several different gas-phase charging techniques have been utilized in this effort.
A high pressure hydrogen gas atmosphere chamber in the IITRI/MRF hydrogen facility at
the NASA-Marshall Space Flight Center was utilized to charge samples at pressures of 7
MPa and 13.8 MPa for 60 hrs at 800°C. Hydrogen containing less than 50 wppm
impurities and less than 1 wppm oxygen was utilized. For charging at lower pressures and
temperatures up to 900°C, a Sieverts apparatus was utilized. When charging with the
Sieverts apparatus, samples were inserted and the charging chamber evacuated to 107 torr.
Samples were subsequently heated in vacuum to the charging temperature with the vacuum

pumping system isolated from the main chamber. Upon reaching a stable charging




Figure 1 - Microstructures of precharged materials: Isothermally forged duplex Ti-48Al-

2Cr-2Nb (a), cast duplex 48-2-2 (b), fully lamellar 48-2-2 (c) and Ti-52Al (d).




temperature, the main chamber was immediately backfilled with H;. The hydrogen
pressure at exposure temperature was 750 torr (0.1MPa). Pressure drops in the Sieverts
apparatus were less than 10 torr over a time period of 24 hours, under conditions where no
samples were loaded. After 24 hrs of exposure, the Hy was removed and the system
repeatedly flushed with Ar. Cooling down to room temperature with an Ar atmosphere
required about 10 minutes. For charging at temperatures above 900°C, quartz tubes
containing the specimens were evacuated to a pressure of 10-6 torr, backfilled with H, and
sealed. The tubes were inserted in the furnace when it reached equilibrium at the desired
charging temperature. After 24 hrs they were removed from the furnace and cooled down

to room temperature in approximately 5 minutes.

Following charging, hydrogen uptake was measured by standard combustion analysis
techniques. Weight gains by individual samples induced by the charging process were also
monitored for all charging experiments with a high precision microbalance with a
sensitivity of 10 micrograms. Degassing experiments in vacuum were conducted in

temperature range of 900 to 1100°C for times of up to 72 hrs.

Hydrogen-charged samples were examined by light microscopy, X-ray diffraction (Cu-Ky
radiation), scanning and transmission electron microscopy and Auger spectroscopy. TEM
samples, 3 mm in diameter, were sectioned by electric discharge machining, ground to a
thickness of 100 um and dimpled. Subsequently, the hydrogen-exposed material was ion
milled and the uncharged material was jet polished in a solution of 150 ml butanol, 30 ml
perchloric acid and 350 ml methanol at 22 V and -55°C.

The influence of hydrogen on mechanical behavior was investigated in tension and
compression using a screw-driven testing machine. Tension tests were conducted on

cylindrical, threaded specimens with gage diameters of 4mm. Tests were conducted in air




with an initial strain rate of 2x104 s-1. In selected compression experiments, strain rate
changes between 2x10-4 s-1 and 2x10-2 s-1 were conducted. MoS; was used as a lubricant

to minimize friction at the specimen/platen interface.
3.2 Material Response to Hydrogen Charging

The results of charging experiments conducted over the temperature range of 500°C to
1150°C are shown in Table II. For charging experiments conducted at lower pressures in
the temperature range of 500°C to 1150°C, the highest hydrogen uptake occurred at the
lowest temperature of 500°C. Also, following charging at a fixed temperature, the 48-2-2
alloys had a higher hydrogen content, compared to the higher Al binary alloys. The higher
hydrogen content of the o, containing materials and lower hydrogen uptake at higher
temperatures is indicative of the importance of the o, phase in the charging process; this

will be discussed further in subsequent sections.

Parallel weight gain measurements that utilized the high precision microbalance (on a total
of approximately 75 samples) showed a significant degree of variability in the response of
these materials to low pressure hydrogen, particularly at higher temperatures. Additionally,
in some instances weight gains for individual samples were greater than could be accounted
for by hydrogen uptake (compared to analyses shown in Table II), while in other cases
weight losses were observed. As will be apparent from subsequent discussions on the
microstructure of hydrogen-charged materials, this is related to variations in surface and
internal microstructure. A comparison of the present low pressure charging results with
others reported in the literature for various TiAl-based compositions, Figure 2, also

suggests a significant microstructure-induced variability.




Table IT - Results of Hydrogen Charging Experiments on TiAl Alloys

Alloy Microstructure | Charging Temp. Charging Hydrogen
O Pressure Uptake®
(MPa) (wppm)
48-2-2 Cast Duplex 500 0.1 315
48-2-2 Cast Duplex 850 0.1 50
48-2-2 Cast Duplex 900 0.1 5
48-2-2 Cast Duplex 1100 0.1 40
48-2-2 Powder 500 0.1 300
Ti-49A1 Extruded 500 0.1 170
Ti-49Al1 Extruded 850 0.1 15
Ti-49Al Extruded 1100 0.1 39
48-2-2 Cast Duplex 800 7.0 1800
48-2-2* Wrought Duplex 800 13.8 2000
48-2-2%* Wrought Duplex 800 13.8 3900
48-2-2% Cast Duplex 800 13.8 2300
Wrought Fully
48-2-2%* Lamellar 800 13.8 2270
Ti-52A1** Ally 800 13.8 640

#measured by combustion analysis
* and ** indicate two independent high pressure charging experiments

At higher hydrogen gas pressures, the hydrogen uptake increased substantially compared to
the 0.1 MPa charging. Following charging at 13.8 MPa and 800°C the cast 48-2-2 material
contained 2300 wppm ( 8 atomic%), compared to only 50 wppm at 0.1 MPa and 850°C.
Under the same high pressure charging conditions, the single phase gamma Ti-52Al1

material was subject to a hydrogen uptake of only 640wppm, again due to the lower
solubility of hydrogen in the yy phase, compared to the a2 phase. As will be discussed
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further in the following section, these high levels of hydrogen resulted in hydride

formation, whereas hydrides were not generally observed following low pressure

charging.
350
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300 | OTi49Al extruded P
% Ti-52.1Al-2.1Ta Legdzdina
_ A + Ti-48Al Boodey, Gao, Wei, Wei
E_ 250 + X Ti-63Al Boodey, Gao, Wei, Wei
a
E +
2 200 1
K
s o M
g 150 1 X
o
2
2 100
2 100 +
X
50 o
x 8
la
0 : ‘ : X Q.

400 500 600 700 800 900 1000 1100 1200
Temperature (C)

Figure 2 - Hydrogen uptake for a several different TiAl-based alloys.
3.3 Hydrogen-Induced Changes in Microstructure

The post-charged microstructures of the y-based alloys examined varied substantially with
composition, microstructure and charging pressure. In the following sections these

hydrogen-induced changes in microstructure are described in detail, including the
characterization of a new hydride phase, designated as the “6” phase. Microstructural
changes have been studied by optical, scanning and transmission electron microscopy,
energy dispersive spectroscopy, Auger electron spectroscopy, and X-ray analysis. Table
Il briefly summarizes the results of these detailed examinations for specific initial
microstructures and compositions along with the charging conditions and the section of this

report where these observations are documented in detail.
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Table III - Summary of Hydrogen-induced Microstructure Changes

Alloy and Initial | H Charging Conditions Microstructural Observations Section
Microstructure
Cast, Wrought | 500°C to 1100°C + No hydrides observed 3.3.1
48-2-2, Ti- |[0.1MPa
49A1, Ti-52Al
Wrought Duplex| 740 °C + 0.1 MPa No hydrides, except in the near | 3.3.5
48-2-2 surface regions, where 6 and
FCC hydrides were observed.
Duplex 800 °C +13.8 MPa (1st | O hydride. 3.3.1
48-2-2, cast and | charging)
wrought
Duplex wrought | 800 °C +13.8 MPa (2nd | © and FCC hydrides. 3.3.1
charging)
Wrought, 800 °C + 13.8 MPa FCC hydrides were observed in | 3.3.2
Lamellar o and vy laths, with a higher
48-2-2 volume fraction than charged at
7 MPa.
Wrought, 800 °C + 7.0 MPa FCC hydrides were observed in | 3.3.2
Lémellar o2 and vy laths.
48-2-2
Ti-52 Al 800 °C + 13.8 MPa FCC plus occasional 6 hydrides |3.3.3

were observed.

3.3.1 Duplex Ti-48A1-2Cr-2Nb

The pre-charged duplex microstructures of cast and wrought 48-2-2, as shown in Figure 1,

consisted of a mixture of equiaxed Y and lamellar ¥ - oy grains, along with some grain

boundary 2. No significant changes in these microstructures were observed following

low pressure charging at 0.1 MPa over the temperature range from 500 to 1100 °C. Under

these charging conditions, the hydrogen content of the material increased by a maximum of
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315 wppm. Post-charged materials examined by X-rays and scanning and transmission
electron revealed only the o and 7y phases with no significant changes in their distribution.
However, as will be discussed in further sections, the 315 wppm level of hydrogen did
adversely affect tensile ductility. Also, hydrides were observed in near-surface regions

under some conditions; the details of these observations are given in Section 3.3.4.

Substantial changes in microstructure were observed under higher pressure charging
conditions. Gas phase charging at 800°C and a pressure of 13.8 MPa resulted in hydrogen
uptakes of 2000 wppm and 2300 wppm for the wrought and cast materials, respectively, in
the first charging experiment. The second exposure of the wrought material (only) to a
hydrogen pressure of 13.8 MPa at 800 °C resulted in a hydrogen uptake of 3900 wppm, as
compared to 2000 wppm in the first high pressure charging experiment. There were also
parallel differences in the microstructures of the post-charged materials in the first
charging, as compared to the second charging run for the wrought material, as discussed

further below.

Following charging and subsequent cooling to room temperature, the microstructures of all
duplex materials were dramatically altered. The lamellar character of the microstructure
was disturbed and a high density (approximately 25 vol%) of small, blocky precipitates
were present throughout the microstructure. Figure 3 is a backscattered micrograph of the
wrought material following the first high pressure charging experiment. The precipitates,
with the brighter contrast, were preferentially located in former lamellar grains of the
microstructure, but also within gamma grains. These precipitates were present throughout
the entire cross section of 8mm x 8mm x 14mm charging samples, indicating hydrogen
diffusion through the entire sample during charging. The precipitates, which to our

knowledge have not been previously observed in other studies of hydrogen charging of

13




gamma titanium aluminides, are hydrides that will subsequently be referred to as the "6"

phase. The detailed characterization of this and other hydride phases observed follows.

Figure 3 - Duplex microstructure following charging at 800°C and 13.8MPa for 60 hrs.

The chérged samples were extremely brittle following the 13.8 MPa charging treatment,
and extreme care was required to produce and handle TEM foils. Eight and five foils were
viewed for first and second charging experiments, respectively, for the wrought material.
Two foils were successfully prepared from the cast material from the first charging run.
No significant differences between the cast and wrought materials, both charged in the first

high pressure experiment, were apparent.

TEM bright field images and diffraction patterns as well as X-ray analyses revealed the
presence of a new ternary hydride (the "0" phase) in all materials examined following the
high pressure charging treatment, except for the fully lamellar 48-2-2. Figure 4 is a bright

field image of the duplex wrought material following the first charging experiment. An




isolated precipitate of the new hydride is embedded in a vy grain with twins, where the

twinning plane inclined to the image plane.

A considerable amount of the 6 hydride phase as well as locally dense populations of a
FCC hydride phase (more details on this hydride are also given below) were also observed
in the material following the second high pressure charging experiment. Figure 5 shows a
region where FCC hydrides are predominately present along with a few 0 hydride grains
located in the grain boundaries. TEM BF images also revealed extensive amounts of the
FCC hydride phase in the equiaxed vy phase region as well as lamellar regions, Figure 6 and
7. Considering the higher hydrogen uptake associated with the second set of charging
experiments, it appears that the FCC hydrides are associated with the higher hydrogen
uptake. More detailed analysis of local compositional fluctuations (discussed in later
sections) suggest that the original microstructural inhomogeneity of the forged material may
be the source of some of the differences in the response to hydrogen in the first versus the

second charging experiment.

3.3.1.1 Characterization of the © Hydride

TEM observations of the charged 48-2-2 material at relatively low magnification, Figures 8
and 9, showed the new 0 phase to be preferentially present in the prior oy regions of the
microstructure including grain boundary oz and lamellar regions. In these figures, the
darker, blocky precipitates are the new hydride phase. Some traces of the original lamellar
structure are apparent, Figure 9. Interestingly, these blocky precipitates did not always
extend across the entire diameter of the original oy lamellae. No evidence of the oy phase
was found after charging based on X-ray and SAD patterns. The newly formed phases
also had no consistent morphology. Some exhibited an elongated morphology which is
probably derived from initial lamellar structure, Figure 10. In other regions, Figure 4,

isolated precipitates of the new phase were embedded in the Yy phase, apparent from the

15




Figure 4

Isolated precipitate of the new hydride is embedded in the y-grain with twins.




Figure 5§

TEM bright field image showing densely populated FCC hydrides and few
tetragonal hydride grains are present at duplex 48-2-2 following charging at
13.8MPa and 800°C.
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Pgur 7 Low magnification bright field image showing densely populated hydride

present in the lamellar grains of duplex 48-2-2 charged at 13.8MPa.




surrounding twinned regions. Conversely, Figure 11 shows three hydride grains that are
clustered together. In Figure § small blocky hydride grains are present along 7y grain
boundaries and their shapes and locations resemble the morphology of grain boundary o
present prior to being charged. The large misfit of the hydride presumably results in large
internal stresses. Cracks were visible mostly along hydride grain boundaries in the TEM

foils, indicated by arrow, Figure 10.

SAD patterns confirmed that the equiaxed y phase maintains the same L1 structure of the y
phase as in the uncharged state, but with a slight increase in lattice parameters. Thick walls
of dislocations were always observed along grain boundaries between the 6 phase and y
grains; these dislocations presumably serve to accommodate a large volume misfit of the
new phase, Figure 10. Additionally, the y phase after charging possesses a very high
density of dislocations and broad twins, Figure 4. It is difficult to establish whether they
were induced by hydrogen charging; TEM BF image examination showed that after the
1280 °C heat treatment there existed abundant transformation or annealing twins in ¥

regions.

A higher magnification bright field view of one precipitate is shown in Figure 12.
Accompanying this are a few selected area diffraction (SAD) patterns, Figure 13. In Figure
12 lattice fringes can be clearly seen in the entire grain under incident beam directions
[hkO], indicating that the new phase has a large unit cell in one dimension, parallel to the
fringe plane normal, through the entire grain. Obviously the hydride has a large density of
planar faults which are not distributed uniformly. Additionally, it is interesting to note that
the fringes were always parallel to the straight interface between the y and the new hydride,
where the two phases might be coherent or semi-coherent, Figure 10 and 14. The
distribution and density of planar faults varied significantly from grain to grain. Some

grains also revealed the presence of considerable amount of faults inclined to the image
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plane, Figures 12 and 14. Fault loops, indicated by capital letter L, and edge-on faults on

different planes, indicated by arrow, can be clearly seen in Figure 15.

To identify the lattice structure and unit cell parameters, an extensive characterization
effort, which included analysis of SAD patterns and corresponding BF images as well as
identification of fault planes, was conducted. Bright field micrographs and corresponding
SAD patterns, Figure 12 and 13(a)-(c), were taken from the same region of an individual
hydride grain under several zone orientations. The crystallographic angles among the zone
axes were determined using Wulff-net stereo projections based on the experimental record
of X and Y tilts. The angles were then compared to the those calculated from the unit cell
model proposed. The initial five SAD patterns were labeled as A, B, C, D and E and are
shown in the diagram of Figure 16. Studying the characteristics of the SAD patterns it was
found that B, C and E are identical to that in Figure 13(b), and A, C correspond to (a) and
(c), respectively. Inspection of the patterns from A to E confirmed that all zone axes
chosen lie along a common Kikuchi band, with a consistent d-spacing as indicated in the
patterns, (a)-(c). The angle between B and E is 90 degrees. The zone axes of B and C are
located 26 and 27 degrees on each side of A. Thus, it can be deduced that the tilting axis is
a four-fold symmetry axis. Also the zone A should have a two fold symmetry. Thus, a
tetragonal unit cell with lattice parameters of a = 5.28 A, ¢ = 28.48 A has been proposed.
The five zone axes were indexed as shown in Figure 16. SADP analyses were further
verified by comparing the measured angles with tabulated values based on the above unit

cell; the accuracy was found to be within +/- 2 degrees.

The SAD patterns in Figure 13 (a)-(d) + (f) correspond to the [100], [120], [110], [001]
and [551] zones of the new phase, respectively. The first more intense spot along the
densely populated row of spots that are parallel to ¢* marked by an "x" in the diffraction

pattern, corresponds to a d-spacing 4.74 A, Figure 13(a)-(c). Note the presence of extra,
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weaker reflections in the (hkQ) patterns located at 1/3 and 2/3 distances between the
transmitted spot and spot with d-spacing 4.74 A. The allowed reflections are of the type k
+ L = 2n, indicating side-centered symmetry. However, for a tetragonal lattice there are
only two possible Bravais lattices: primitive and body centered. Hence, the new phase has
been identified as body centered tetragonal with lattice parameters a = 5.28 A, c = 28.48 A.
Figure 13(d) was obtained from a hydride grain with different orientation with respect to
one in Figure 13(a)-(c). The SAD pattern [001], exhibits four-fold symmetry; an identical
lattice parameter of a = 5.28 A was also calculated from this, which is consistent with the
results obtained from [hkO] directions. [111], [031] and [131] patterns were also obtained
from other hydride grains, Figure 13(e), (g) and (h), respectively. The calculated angles
among the zone axes agree well with the above proposed unit cell. Finally, to prove the
consistency of the results achieved under [hkO] and [001], a [001] SAD pattern was
constructed from the observed [hk0] patterns based on the fact that [001] and [hkO] share
the common planes (1/h, 1/k, 0). The main spots of the constructed [001] pattern agree
well with the actual [001] pattern. This supports the original assumption of lattice type and
parameters except that (110) types superlattice spots were missing which existed in the

observed [001] pattern.

X-ray analyses revealed, Figure 17(a), that after the 1280 °C heat treatment the duplex
microstructure contained y and oy phases. In the charged spectrum, Figure 17(b), only
peaks corresponding to the Y phase and the new hydride phase were observed. The
location of the major peaks in the X-ray spectrum for the hydride phase are given in Table
IV. Itis clear that the proposed lattice accounts well for the majority of X-ray peaks of the

hydride phase.

Figure 15 reveals that the hydride imaged under [120] beam direction contains a number of

faults. Besides the existence of planar faults parallel to (002) planes, dense faults located
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on planes inclined to the image plane are present. Examining the images, Figures 12
through 15 and Figure 18, lattice fringes are clearly visible, with a constant spacing of 14
A. The tilting experiments demonstrated that their constant spacing does not change as long
as the incident beam direction is [hkO], Figure 13(a)-(c). This leads to the deduction that
the tilting axis, which is perpendicular to the direction of the lattice fringes, should be the
[002] direction. This is verified by streaks through (002) spot perpendicular to the fringe

direction taking into account the rotations in the SADs and images relative to the

microscope calibration. The dppg- spacing is 4.74 A, which coincides with the dooo1-

spacing of o phase of 4.67 A.

Disturbances in lattice fringes are present due to non-periodic planar faults oriented parallel
to the incident beam, with an (002) habit plane. The spacing between these planar faults
varied from region to region within the hydride, but typically occurred with a spacing of 3
to 20 times that of lattices fringes, Figure 18. Additional faults with habit planes other than

(002) were also observed, Figure 19.

Table IV - Identification of X-ray Peaks
of Bulk Duplex 48-2-2 Charged at 13.8 MPa

20 1334 {344 1388 139.5 140.1 {424 [44.6 15101557 {64.1 {655 {72.6 {82.886.0
)

hkl 019 {022 i121 026 i1,1, 125 §127 232 i132 i22, i1,3,1i042 338 i246
10 12 0

20* i33.4 i35 1387 i39.5i404 1419 i449 498560 i64.3 656 :72.8 i82.8 858
O

26 and 20" indicate practical measurement and theoretical values.
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When the operating zone axis is [100], the extra edge-on fault planes were indexed as
(011), (01 1), (01 3), (013) and (010) with SAD patterns showing streaks parallel to (011)
and (01 1). The observed angles of (011) and (01 1), (0T 3) and (013) planes, were
approximately 21 and 60 degrees respectively, which are consistent with the values of
calculated angles 21.0 and 58.2 degrees based on the proposed unit cell. The edge-on
plane being perpendicular to (001) obviously is the (010) plane. Additionally, due to the
tetragonality of the unit cell, the fault planes other than those mentioned above can also be
(101), (103), (200) by permutation. This was verified by the [001] pattern with
corresponding BF images showing perpendicular edge-on planes (200) and (020), Figure
20. The faults other than (002) faults were always observed as isolated faults which can be
best revealed by bright field images taken with a 2-3 degree tilt away from [100] zone axis,
Figure 21(a) and (b). In Figure 21(a) an elongated 6 hydride particle of the duplex 48-2-2
charged at 13.8 MPa was viewed along a [100] direction showing edge-on faults with the
following habit planes: (002), (011), (013) and (020). A two or three degree tilt with the
incident beam parallel to (002) plane clearly demonstrated the features and the interactions
of faults, Figure 21(b). Edge-on planar faults do not end inside the crystal, instead, faults
on two different planes they are connected, indicated by "C". Additionally, the (013) type

faults are associated with the regions with no lattice fringes present, Figure 19.

The BF images and corresponding zone axes [031], and [131] are shown in Figures 21 and
22. In Figure 21 streaks in the SAD patterns are perpendicular to the edge-on fault plane.
Thus, the fault habit planes are identified as (026), (22 6) and (200). The angles measured
between (200) and (22 6), (026) and (22 6) are approximately 50 and 40 degrees,
respectively, consistent with the angles 50.1 and 39.9 degrees calculated from the proposed
unit cell. When the incident beam direction is [131], the edge-on fault planes, (026 ), (2

02) constitute a 95 degree angle which is again consistent with the angle 95.1° calculated

from the unit cell, Figure 22. Figure 23 shows a bright field image of a 6 hydride under
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zone axis [111] with corresponding [111] SAD inset. The edge-on fault planes revealed an
angle close to 90 degrees, which was identical to the angle measured from the (011 ) and
(101) spots in the diffraction pattern and also consistent to the two planes angles calculated
from the cell which is 88 degrees. In summary, the fault planes observed in the tetragonal
hydrides are (002), (011), (013), (01 1), (01 3), (200) and (22 6). The exact nature of
these faults could not be determined due to inadequate knowledge of the atomic positions of

atoms within the unit cell.

In summary, the 6 hydride phase has a body centered tetragonal structure with a large “c”
dimension unit cell. Itis also a highly faulted structure with a number of characteristic fault
planes. However, further characterization of the 6 hydride by convergent beam electron
diffraction (CBED) was not possible due to the high density of faults and thus at this time
the atomic positions within the unit cell are still unknown. The possible space groups for
this hydride are discussed further in Section 3.5. In addition to the new tetragonal
hydrides, FCC hydrides were also observed in the duplex material charged at high
pressures. The same hydrides were observed to be present in the Ti-52Al and the lamellar

48-2-2 and are described in more detail in the following sections.

3.3.1.2 Characterization of the & Hydride

X-ray spectra and BSE images did not reveal noticeable microstructural differences in the
duplex 48-2-2 following two separate charging experiments at 13.8 MPa and 800 °C.
However, TEM BF images, Figure 24, revealed the presence of a second hydride with

completely different morphology and lattice structure compared to the © hydride,

predominantly present in the 48-2-2 foils prepared from the second charging experiment.
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Figure o

Iydride phases surrounded by dense dislocations are present along v grain

boundarics.




Figur 9 Low magnilication bright licld image of hydrides plus y grains. Darker.
blocky precipitates are the new phase. Traces of the lamellar morphology

arc visible.




Figur: 10 Cracks are always present in interfaces between vy and hydrides due to drastic

wttice mistit upon precipitation ¢ 13.8 MPa charged duplex 48-2-2).




Figure 11 Bright ficld image showing a cluster of 6 hydrides for duplex 48-2-2 charged at

13.8MPa with corresponding [100] zone diffraction pattern inset.
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Figure 15 A hydride particle of duplex 48-2-2 charged at 13.8 MPa viewed along [120]
direction, showing dense faults located in planes inclined to the image plane

including fault Joops and a thick wall of mistit dislocations.
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Figurc 16 Schematic drawing of the [001] projection of the [hkO]
ZOne axes.
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Figre tx High magnification bright ficld image of a hydride showing latace fringes with

y

aconstant spacing ol T.dnm parallct to (002) plancs.




O.1pm

Figure 19 BF image and corresponding SAD pattern ol a hydride revealing extra edge-On

(=

planes other than (002).




Figurs 20 ~vight field image of a ® hydride showing faults with corresponding [001]

«one diffraction pattern insct.




Figure 21 A hydride particle of duplex 48-2-2 charged at 13.8 MPa viewed along | 100]

orce (rom [100],

-
<

direction. showing cdge-on faults. (a) and viewed a few de

showing the intersections of faults. (b).




Flegure 21 3right ficld image of a 6 hydride showing faults with corresponding {031]

zone diffraction pattern insct.




Figurn

b
(3]

Bright ficld image of a 6 hydride showing faults with corresponding [131]

diffraction patiern insct.




Figure 22 Bright licld image of a 6 hydride showing laults with corresponding [111]

cone diffraction pattern insct.
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Figure 24 Bright ficld image of lamellar 48-2-2 charged at 7TMPa showing a similar
morphology as that in 13.8MPa charged material but with needle shaped
precipitates dispersed in the v laths. (2) and faceted hydrides present in v laths

and along a twin boundary (b).



(c) (d)
Figur 25  AD patterns of the y phase and FCC hydrides showing a cube-on-cube
orientation for 13.8 MPa charged duplex 48-2-2: [001]. (a) : [110], (C); [O11],
(b) and [100]. (d).




The observation of SAD patterns corresponding to a number of low index zone axes, such
as [001], [011], [110], [010], [012], [112] and [111], confirmed the presence of a FCC
hydride with a lattice parameter of a = 4.45 A, Figure 25. All SADPs consistently
exhibited a clear crystallographic relationship with respect to the y matrix. The hydride and
matrix possess a cube-on-cube orientation relationship, that is (001)y/(001)s,
[1001v/[100]s. Thus, the hydride was isomorphous with TiHp, the & titanium hydride,

which has a FCC structure with a lattice parameter of a = 4.45 A.

It is interesting to note that satellite spots appeared in all the SAD patterns, Figure 25(a)-

(h), arising from double diffraction due to the fact that hydrides were precipitated in the 7y
matrix. A computer simulated pattern, Figure 26, was generated using the two unit cells:
the y phase, a = 4.03 A, ¢ = 4.12 A and the & phase, a = 4.45 A under beam direction
[001]. The principle for simulation is as follows: initially, the patterns are superimposed
with the center spots together to produce the basic pattern expected from both crystals
under beam direction [001]. Each diffracted beam in the ¥ phase then served as an incident
beam for the & hydride, and the locations of the spots arising from double diffraction are
then obtained by superimposing the characteristic diffraction pattern from the hydride on
that of y phase, but with the origin of the former displaced to strongly diffracted spots [1].
It is apparent that the positions and the relative intensities of the satellite spots in the

simulated pattern agree well with the observed [001] pattern.

TEM bright field images of the FCC hydrides showed a facetted morphology. The hydrides
have sizes ranging from 10 nm to 100 nm. Moiré fringes associated with hydrides are
clearly visible. Close inspection of the images, particularly the very small precipitates,
under beam directions [001] and [010] revealed a cubic or an octahedral shape.

Apparently, the hydride formation was associated with defects, such as dislocations, grain
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or twin boundaries which are likely to be due to the fact that the misfit between y and the
hydride phases is approximately 11% along the [100] direction. The presence of
dislocations around the hydrides indicates that the accommodation of the hydrides in the y
matrix involves some degree of plastic deformation. The high contrast in the y matrix
adjacent to the hydride particles clearly demonstrated a significant amount of elastic strain

associated with the hydride formation, Figure 27.

3.3.2 Lamellar Ti-48A1-2Cr-2Nb

The fully transformed lamellar microstructure of 48-2-2 was produced by heat treatment at
1400 °C for 3 hrs, Figure 28(a). Fully lamellar structures from the wrought material were
subjected to hydrogen charging at pressures of 7 MPa and 13.8 MPa (second charging) for
60 hrs at 800 °C. The resultant hydrogen uptake for the forged sample charged at 13.8
MPa was 2270 wppm, compared to 3900 wppm for duplex 48-2-2 and 640 wppm for the

single phase Ti-52 Al materials charged under the same conditions, Table II.

The X-ray spectra for the initial, hydrogen charged samples of lamellar structure at 7 MPa
and 13.8 MPa are given in Figures 29(a)-(c). The X-ray spectrum of the precharged
materials exhibited the peaks characteristic of the ¥ and o phase, Figure 29(a). X-ray
spectra following hydrogen charging at 7 MPa and 13.8 MPa revealed no traces of the oy
phase, but did indicate the presence of a large amount of the y phase. In addition, new
peaks of low intensity compared to the y phase were observed, Figure 29(a) and (b). These
could be attributed to the presence of the FCC hydride with a lattice parameter of a = 4.45
A. This result suggests that the bulk ay phase, which contains a high proportion of Ti,

converts to the hydride phase. As a consequence of texture in the bulk sample, the peak




intensities do not agree with theoretical values. The low intensity of the hydride peaks

resulted from the small volume fraction of hydride.

Figure 28(a) shows the microstructure of 48-2-2 in the pre-charged lamellar condition. The
charging experiments conducted at 7 and 13.8 MPa produced similar microstructural
morphology at BSE level, Figure 28(b) and 30. Unlike the duplex materials, the lamellar
character of the microstructure was retained to a greater degree and traces of the original
lamellar morphology are still clearly visible, Figure 28(b) and 30(a). SAD examination did
not reveal any traces of the o) phase, a result consistent with the X-ray observations. TEM
studies confirmed that the structure and lattice parameter of the hydrides were identical to
the & FCC hydride produced in the duplex 48-2-2 charged at 13.8 MPa. Hydrides with a
facetted morphology similar to those observed in the duplex material were present in the
prior oy regions as well as within the 7y laths and along lamellar and twin boundaries,
Figure 31(a) and (b). Bright field images also revealed Moiré fringes associated with
hydrides, Figure 31 and 32. A higher volume fraction of hydrides was generated in the
material charged at 13.8 MPa, compared to that at 7 MPa due to the fact that the former
material absorbed more hydrogen than the latter. Also, with the lower charging pressure,
small platelet shaped precipitates were observed within v laths, Figure 31, while facetted
hydrides were observed in the 7y laths, Figures 32(a) and (b). Legzdina, et al. have
suggested [2] that these small hydride platelets observed at y laths may have formed during
cooling from the hydrogenation temperature at 800°C, whereas the larger hydrides
presumably formed during charging where they had the opportunity to attain a low energy
configuration and undergo coarsening. This is based on the fact that both sets of hydrides

have the same crystal structure and same growth morphology, but differ greatly in size.

Hydride precipitation occurred on a number of different low index planes of the vy laths of

the lamellar microstructure, Figure 32. Apparently this profuse hydride precipitation on a
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variety of different low index planes results in partial loss of the lamellar character of the

microstructure, as apparent when observed at the BSE level, Figure 30(b).

3.3.3 Single Phase Ti-52Al

The microstructure of the single y phase Ti-52 Al, which was subjected the same heat
treatment of the duplex 48-2-2, is shown in Figure 33(a). The Ti-52 Al material was
composed of single phase y grains (with grain size in the range of 100 - 300 wm). A small
volume fraction of precipitates was distributed along the grain boundaries and throughout
the matrix, and was assumed to be a consequence of the casting processing conditions.
EDS analyses performed in an AEX 200 Transmission Electron Microscope confirmed that

the particles are alumina.

The X-ray spectra for the initial and hydrogen charged samples are given in Figure 34 (a)
and (b). Following heat treatment at 1280 °C/3 hrs + 900 °C/4 hrs, air cool, the X-ray
spectrum of the initial microstructure consisted of peaks only from the y phase, Figure
34(a). Charging at 13.8 MPa, resulted in a hydrogen uptake 640 wppm, Table II, which
was much lower compared to duplex and lamellar 48-2-2 charged under the identical
pressure. Apparently, it is due to the fact that y phase has a much lower hydrogen
solubility compared to oy phase. BSE micrographs showed precipitates preferentially
along grain boundaries as well as in interior grains, Figure 33(b). The precipitate

distribution in interior grains was somewhat inhomogeneous, apparently due to the

segregation from the casting process. X-ray analysis confirmed that the precipitates were
FCC hydrides, identical to the FCC hydrides observed in duplex and lamellar 48-2-2. A
TEM bright field image, Figure 35, revealed cubic and octahedral hydrides aligned in the y
matrix under beam direction [011]y. Resolved Moiré fringes are clearly visible and the
SAD patterns of the hydrides appeared to be identical to those obtained from lamellar and
duplex 48-2-2.
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Although FCC hydrides are predominantly present along grain boundaries and in the 7y
phase region, tetragonal 6 hydride grains identical to the hydrides observed in the duplex
48-2-2 charged at 13.8 MPa, were also occasionally detected in the y matrix. Figure 36
shows a 0 hydride particle embedded in y matrix and surrounded by a high density of
dislocations. The 6 hydride imaged under [120] zone axis showed lattice fringe patterns,
similar to those observed at duplex 48-2-2 under [hk0] directions. A micrograph at
relatively higher magnification for the same hydride grain exhibited resolved fringes with
corresponding SAD pattern inset, Figure 37 and 38. The SAD pattern did reveal a
deviation of the spot periodicity parallel to c* of the proposed 0 phase. This may indicate
the presence of a phase closely related to the 6 hydride. Such deviations in this periodicity

were also occasionally noted in the 48-2-2 duplex material.

In a number of regions, the FCC and 6 hydrides were closely spaced at a distance as small
as a few micrometers. This may indicate that the compositional conditions are such that a
three-phase ¥ — & — 0 region exists, or alternatively that the precipitation kinetics for &
hydrides is rapid and abundant precipitation occurs during cooling from the charging
temperature. Due to lack of further availability of high pressure hydrogen facilities, it was

not possible to examine this issue further.

To explore the effect of alloy composition, particularly the Ti/Al atomic ratio, on hydride
formation, EDS analyses were performed on large number of FCC and O hydride
precipitates and the surrounding y matrix of 48-2-2 and Ti-52 Al, both charged at 13.8 MPa
in hydrogen gas, Table V - VI. A parallel study was also performed on the TEM foils of
duplex 48-2-2 which had predominantly FCC and 0 hydrides present from the second

charging experiment, Table VII. The average values of the Ti/Al ratios measured from a




few particles from each foil are given in Tables V - VII. It is apparent that FCC and 6
hydrides observed in 48-2-2 (second charging) and Ti-52 Al both are Ti rich, while the
TiAl matrix is Al rich. In the 48-2-2 duplex material where the hydrides were
predominantly the 6 hydrides, the matrix on average was Ti rich. Again this may indicate
that the differences in the hydride populations between the first and second high pressure
charging experiments are due to macrosegregation in the forging. The data for the Ti/Al
ratios of FCC hydrides in Ti-52 Al have large scatters over a range of 1.14 t0 2.19. On the
contrary, FCC hydrides of duplex 48-2-2 appeared to have ratios over a narrow range of
1.40-1.42. Since FCC hydrides of single vy phase originated from the grain boundaries,

twin boundaries as well as interior 7y grains, a wide range of Ti/Al ratios might be expected.

Table V - EDS Results of Single y Phase Ti-52Al

Following H charging at 13.8 MPa

File Name !  H- H- H- H- H- H-
5212H13- §5212H13- {5212H13- {5212H13- :5212H13- {5212H13-
A5G-1 A5G-2 A5G-3 A5G-4 A5G-5 A5G-6
Particle ID v- FCC FCC Tetragonal AlO3 FCC
matrix Hydride Hydride Hydride Hydride
Element { Ti : Al §{ Tr : Al i T1 i Al §{ T1i i Al : T1 ; Al i Ti : Al
Line

Weight % {57.42:42.58 { 66.88 § 33.12179.51120.49 i 73.04 { 2696 5.89 94.11:72.7827.22

Atomic % §43.17:56.83 1 53.22{ 46.781 68.61 : 31.39 { 60.41 { 39.59; 3.41 {96.59  60.10 39.90

TYAI 0776 114 2.19 1.53 0.035 1751
(At%)
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Table VI - EDS Results for Hydride and y Phase Compositions

in Duplex 48-2-2 Charged at 13.8 MPa (First Charging)

Element Y Y 0 0

Ave. Ave.
Al &) 50.71:44.31:34.56:51.82:45.35]36.60:34.43:34.29: 35.95: 35.33
Ti (%) 46.37:52.08:61.78:46.65:51.52]59.58:61.13:61.19: 59.66; 60.39
Ti/Al(afo) i0.9 :1.18 :{1.79 :09 :1.14 |1.63 :1.78 :1.78 :1.66 i1.71

Table VII - EDS Results for Hydride and y Phase Compositions in

Duplex 48-2-2 Following 13.8 MPa H Charging (Second Charging)

File Name H- H- H- H-
4812H13- 4812H13- : 4812H13- 4812H13-
IW-1a IW-1b IW-2a IW-2b

Particle ID FCC FCC Y- matrix Y- matrix
Hydride Hydride

Element Ti Al Cr i Nb Ti Al T Al cr i Nb Ti Al

Weight % 62.98125.05} 637 | 5.61 (7127128731 ¢ o0 ia0 011 500 | 588 5047 1 40.53

Atomic % £ 54.20 £38.27} 5.05 | 249 1582814172} 11 i 0o’ 1 ua | nal asas . 54

Ti/Al (at%) 1.42 1.40 0.83 0.83

It is reasonable that the FCC hydrides should have a higher Ti/Al ratios than the measured

values due to the fact that the hydrides are preferentially embedded in the y matrix. Some
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amount of the Y matrix would inevitably be sampled by the electron beam when measuring
composition. Considerable caution was taken in an attempt to reduce the sampling effect.
The Ti/Al maximum ratio of 2.19 was obtained by examination of a FCC hydride cube

located closely to the edge of the foil. It is thus thought that this value was closest to the
true value. Additionally, the 0 hydride observed in Ti-52Al has a Ti/Al atomic ratio of

1.53 which is very close to the results obtained from the 0 hydrides of duplex 48-2-2
(Ti/Al =1.63-1.78).

3.3.4 Reversibility of Hydride Formation

To confirm the reversibility of hydride formation, degassing experiments were conducted
on charged samples. Degassing in vacuum was carried out in the Sieverts apparatus at 900
°C for 48 hrs for all the lamellar and duplex 48-2-2 and single y phase Ti-52 Al charged at 7
MPa and 13.8 MPa. Additionally, for the duplex 48-2-2 charged at 13.8 MPa degassing

was also conducted at 1050 °C.

Following degassing in vacuum in a temperature range of 900 to 1050 °C, hydrogen was
removed and the original phases restored for all the three microstructures, indicating that
the hydride formation process is reversible. For lamellar 48-2-2 charged at 13.8 and 7
MPa, the original phase and original microstructural features were restored following
degassing in vacuum at 900 °C, as indicated by X-ray and BSE results, Figure 39 and 40.
BSE images and corresponding X-ray spectra were also obtained form the single y phase
Ti-52 Al charged at 13.8 MPa and subsequently degassed at 900 °C, Figure 41. The
microstructure consisted of equiaxed 7y grains plus small particles dispersed in the Yy matrix,
which were believed to be alumina. No distinguishable features were found in the BSE
image and X-ray spectra compared to the situations prior to charging and following

outgassing. Although the X-ray spectrum of the duplex 48-2-2 charged at 13.8 MPa and
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degassed at 900 °C, indicated the original two phase structure of y and a9, had been
restored, the BSE images revealed that the outgassed microstructure predominantly
consisted of small blocky oy grains along grain boundaries and equiaxed <y as well as y
twins without any trace of the lamellar morphology, Figure 42. Additionally, no lamellar
colonies were observed at the TEM level of observation. Slight coarsening of the o grains
and a higher volume fraction of 7y annealing twins were observed in the duplex 48-2-2
samples degassed at 1050 °C compared to those degassed at 900 °C, Figures 42 (a) and
43(a). Additionally, the density of o grains appeared to be variable from region to region,
Figures 42(a) and 43(a) + (b). Although the original phases were restored, it is apparent
their original morphology was not. This may be due to some redistribution of Al and Ti

during the charging process.

3.3.5 Surface Microstructures Following Charging

In experiments conducted in both the Sieverts apparatus and the high pressure charging
chamber significant microstructural differences were observed in the surfaces of some of
the samples compared to the interior for the duplex 48-2-2 samples following charging at
0.1 and 13.8 MPa. These differences were only apparent under charging conditions where
trace amounts of impurities were available (under conditions where samples were not
wrapped in gettering Ta foils). These surface observations are summarized here due to the
insight which they provide about the early stages of hydride formation. Additionally, they
are relevant to earlier reports on the existence of hydrides after low pressure charging.
Also, these observations may be technologically relevant, since in the manufacturing or

service environments of these materials, more complex environments than pure hydrogen

are likely to be encountered.
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Blanks for this portion of the study were inserted in a quartz tube, evacuated and
subsequently back filled with hydrogen to obtain a pressure of 0.1 MPa at exposure
temperature. Ta was apparently an effective oxygen gettering agent, since the observations
reported in the section apply only to those samples which were not Ta wrapped. A very
thin bluish surface layer was observed following charging. The surfaces of all
microstructural variants were examined by X-ray, SEM, TEM and Auger analyses. TEM
foils were produced in the following manner: 3 mm disks were first mechanically punched.
Then one side of each disk was slightly polished to remove the roughness, the other side
was back-thinned and dimpled with a minimum thickness of approximately 30 um. The
disks were jet-polished in a solution consisting of 300 ml methanol, 180 ml butanol and 30

ml perchloric acid, maintained at -50 °C to -54 °C and 22.5 V.

TEM BF field images revealed the presence of large, dispersed oxide particles on the
surface of duplex 48-2-2 charged at 0.1 MPa and 740 °C, Figure 44. The SAD ring
pattern, Figure 44(c), taken from the dispersed particles confirmed the oxide to be AlbO3
with a rhombohedral structure and lattice parameters of a = 0.4844 nm and ¢ = 1.324 nm,

which can be described alternately as a hexagonal structure with lattice parameters of a =

0.5544 nm and ¢ = 9.024 nm [3]. Although the volume fraction of the Al)Os3 particles is

fairly high, formation of a completely continuous oxide layer did not occur.

No hydride phases were observed in X-ray spectra, BSE images or TEM foils removed
from the interior regions of the charged samples. The resultant X-ray spectrum of the
isothermally forged duplex 48-2-2 charged at 0.1 MPa, is characteristic of Y and ¢ phases
with no indication of peaks corresponding to other phases, Figure 45(b). A cross sectional
BSE image, Figure 45(a), showed a microstructure similar to that the pre-charged material,

Figure 1, with only slight differences; a few dark-contrast particles were embedded in the
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matrix. Apparently, particles with bright contrast are the oy phase or lamellar colonies in
the Y matrix. However, a small fraction of tetragonal hydrides in the o) laths of lamellar
colonies and & FCC hydride precipitates in equiaxed y grains were observed in the surface
foils, Figures 46 and 47. Figures 46(a) and (b), show the presence of lattice fringes in the
o laths with spacing ranging from 14 A to 50 A under beam direction [112 OJop. The
corresponding SAD patterns revealed the presence of extra reflections at locations of 1/3
and 2/3 between the transmitted spots and (0001)ay spots when the beam direction is [112

0]ap//[11 O]y. These spots are not as intense as those observed in the [hkO] © phase, but
they are intense enough to be distinguishable. The rest of the pattern is identical to the y—
o~y twin pattern under [11 0]y zone axis. However, the appearance of distinct spots
implies that a new structure, the 6 hydride, is developing. Apparently, the © hydrides are
still in the early stage of growth. The o and 7 laths shown in Figures 46(a) and (b) are
extremely fine. The X-ray beam employed in the EDS examinations sampled a region of
approximately of 0.5 um x 0.5 pm. Thus, it is not possible to measure the Ti/Al ratio of

each individual lath. The average ratio over approximately half number of the lamellar laths

of the colony in Figure 70(a), was 1.4. Assuming that the volume fractions of the y and o
laths in the colony are approximately equal and the Ti/Al ratios of the y laths are close to 1,
this yields a Ti/Al ratio of the o) phase equal to 1.8, which is approximately the
composition value of the 0y phase at 800 °C in the equilibrium Ti-Al binary phase diagram.
The estimated Ti/Al ratio of the o, phase is also similar to that measured for the 6 hydride,

which indicates that large scale diffusion redistribution of Ti and Al are not required for

formation of the 6 phase from the o5 phase. These TEM observations confirm that the
orientation relationship between the © phase and oy or 7Yy phases, is

(0001)0u//(111)y//(001)g, [112 OJap//[11 O]y/[100].

57



Slight differences were found in the bright field images shown in Figure 46(a) and (b). A
few needle-like precipitates were also observed in the wider 7 lath close to ¥ and o lath
interface, Figure 46(a). No SAD pattern was available due to the small sizes of the
precipitates. However, their morphology resembles that of FCC hydride precipitates
observed in the v laths of lamellar 48-2-2 charged at 7 MPa, Figure 31(a). A higher density
of such small precipitates was again observed in the equiaxed y grains in the same TEM
foil. Some elastic strains were associated with these precipitates and occasionally particles
with Moir€ fringes were observed. The shape, size and morphology of these particles are

very different from oxides and bear a strong resemblance to the FCC hydrides.

Under these low pressure charging conditions, the hydrides populated only the surface
region. A few lamellar colonies are shown in Figure 47, where a fraction of 6 hydrides
was observed in two lamellar colonies, Figures 46(a) and (b). Each colony in the same foil
was carefully examined by SAD and bright field imaging. Although some BF images
revealed a low density of lattice fringes in the o5 laths, no extra recognizable reflections
were observed in the SAD patterns of most lamellar colonies, indicating an irregular
distribution of the surface hydride. Presumably, following charging the surfaces of the
foils were not perfectly flat and the thickness removed during foil preparation was different

from region to region.

Pronounced changes in the surface microstructure accompanied charging of the duplex
materials at 13.8 MPa. Following the hydrogen exposure, a surface layer of a thickness
varying between 10 and 150 pm was observed. Cross-sectional specimens imaged with
back scattered electrons revealed regions of the y phase and another phase with brighter
contrast, similar in contrast to the hydrogen-induced phase in the interior. Embedded in the
layer was a significant volume fraction of dark, blocky isolated particles, surrounded by Ti-

enriched areas, Figure 48. BSE images viewed parallel to the surface regions of the same
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cube showed an inhomogeneous microstructure. Dark rectangular or polygonal shaped
particles with variable densities embedded in the brightly contrasted phase, are clearly

visible, Figure 49.

WDX examination was performed on the large particles, brightly contrasting regions and y
regions. WDX analyses utilizing non-element standards revealed that the bright layer and y
matrix had compositions with a Ti/Al-ratio ranging from 1.58-1.77 and 1.01-1.07,
respectively, Table VIII. Thus, the bright layer had a similar Ti/Al ratio as obtained from
the tetragonal hydrides in the interior, which ranges from 1.63 to 1.78. The EDX results
conducted on the dark large particles indicated the presence of considerable amounts of Al

and O and little amounts of Ti, Cr, and Nb, Figure 50. Presumably the contents of Ti, Nb

and Cr were due to the electron beam sampling of the y-matrix.

Corresponding X-ray spectra for the surface of duplex 48-2-2 charged at 800 °C and 13.8
MPa, have been acquired. The observed peaks can be attributed to the presence of 6, y
phase, Al2O3 and TiOp, Figure 51. Lattice parameters were consistent with AlO3 with a

rhombohedral structure, a = 0.4759 nm, ¢ = 1.2992 nm and TiO, with a tetragonal

structure and lattice parameters of a = 0.3785 nm, ¢ =0.9514 nm.

Table VIII - Ti/Al Ratios of Hydrides and y Phases

at the Surface Layers of Duplex 48-2-2
Following Charging in 13.8 MPa (WDX in SEM)

Ti/Al (atomic)
Y—matrix 1.03 1.07 1.01
Hydride 1.58 1.64 1.77
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(9) (h)

Figur: 25 SAD patierns of the y phase and FCC hydrides showing a cube-on-cube

orientation for 13.8 MPa charged duplex 48-2-2 [100] + [010], (e) : [012]., (£);
[112], (9) and [111], (h).




Figure 26 - Simulated ditfraction pattern for FCC hydrides
effects of double diffraction.

embedded in TiAL showing
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Figur. 27 Densely populated faceted cubic hydrides embedded in y matrix for 13.8 MPa

charged duplex 48-2-2 under zone axis [O11].



Figurc 28 Microstructure of 48 2-2 in the pre-charged lamellar condition. (a) and

following charging al 800°C and 7MPa for 60 hrs, (b).
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Figurc 29 X-ray spectra of the pre-charged lamellar 48-2-2, (a); hydrogen charged at 800°C
and 7MPa, (b) and charged at 13.8MPa, (¢).
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Figur: 31




TEM BF image of lamellar 48-2-2 charged at 13.8 MPa showing FCC
hydrides.




Figur 33

(b)

Microstructures of Ti-52Al prior to hydrogen charging, (a)
and following charging at 800°C and 13.8MPa for 60 hours,

(b).
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Figure 34 X-ray spectra of the pre-charged single phase y Ti-52Al, (a) and hydrogen charged
at 800°C and 13.8MPa, (b).




Figure 35

0.06 u

Bright field image of hydrides in Ti-52Al associated with

dislocations. Moiré fringes associated with the faceted
hydrides are visible under [011] zone,




Figur 36

T'EM bright field image of the single phase v Ti-52A1 charged at 13.8MPa and

800°C revealing occational observation of © hydrides embedded in y matrix,
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Figurc 38 Enlargement of Figure 37 note the inset diffraction pattern showing a

deviation in the 173 periodicity of spot s parallel to ¢*.
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Figurc 39 Microstructure following degassing at 900°C in vacuum for 72 hrs for fully

transformed lamellar structure charged at 7 MPa, (a) and corresponding X-ray

spectrum (b).
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Figurc 40 Microstructure following degassing at 900°C in vacuum for 72 hrs for fully
transformed lamellar structure charged at 13.8 MPa, (a) and corresponding X-

ray spectrum (b).
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Figur: 41 Microstructure following degassing at 900°C in vacuum for 72 hrs for single
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phasc y Ti-52Al charged at 13.8 MPa, (a); Corresponding X-ray spectrum (b).
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Figure 42 Microstructure following degassing at 900°C in vacuum for 72 hrs for duplex

48-2-2 charged at 13.8 MPa. (a) and corresponding X-ray spectrum, (b).
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Figurc 43 Microstructure following degassing at 1050°C in vacuum for 72 hrs for duplex

48-2-2 charged at 13.8 MPa showed an inhomogencous microstructure, (a) and

(b).
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Fiourc 45 rose section image for the duplex 48-2-2 following charging at 800°C and 0.1

MPa for 72 hrs. () and corresponding Xeray spectrum, (b).



Figure 46

“EM bright ficld images trom surtace duplex 48-2-2 charged at (. 1MPa and
740°C, showing ¢ precipitates in oo laths of a lamellar colony, (a) and 6

hydrides plus tiny precipitates in the v lath (indicated by arrow). (b).




(b)
Figurc 46
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Figure 47

TEM BF image of surface duplex 48-2-2 charged at 0.1 MPa showing FCC

hydrides in the y phase region.



Figur 48 Cross section view of microstructure following charging at 80X)°C and 13.8
MPa for duplex 48-2-2 (back scattered image). lower magnification, (a) and

higer magnification, (b).
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Figur 49 Surface layer view of microstructure following charging at 800°C and 13.8 MPa
for duplex 48-2-2 (back scattered image) showing inhomogencous distribution
of hydride particles and Al,O3 particles. lower magnification. (a) and higer
magnification, (b).
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X-ray spectrum of surface duplex 48-2-2 char
hydride (8), v phase (y), Al;03 (A) and TiO> (T).

Figure 51



Figurc 52 TEM bright field image of surface duplex 48-2-2 charged at 13.8MPa and
300°C. revealing large and dispersed AlOz (A) particles. ¢ hydrides (8)

cmbedded in the vy matrix.




Note by comparison of Figures 51 and 17(b), that at the surface the X-ray intensities of 9
phase are higher and y phase are relatively lower, compared to the bulk material. Surface
bright field images also showed that big polygonal shaped particles (marked A) were
associated with 0 hydrides and embedded in the 6 matrix, Figure 52. The volume fraction

of the 0 phase at the surface is much higher compared to the bulk.

3.4 The Influence of Hydrogen on Mechanical Properties

Deformation experiments were conducted primarily on cast duplex 48-2-2 material. To
measure the degree to which ductility is affected by hydrogen, uniaxial tension tests were
conducted following gas phase charging at 500°C charging with a pressure of 0.1 MPa.
Because of the brittleness of the material charged at 13.8 MPa, only uniaxial compression

experiments were possible. Details of both sets of experiments are given below.

For tension tests, the machined cylindrical tensile specimens were electropolished then
exposed to 0.1 MPa (1 atm) hydrogen at 500°C in the Sieverts apparatus for 72 hrs. The
hydrogen uptake was determined to 315 wppm at this temperature. No visible changes in
the electropolished surface were apparent following charging and no hydrides were
observed under these charging conditions, so these experiments presumably measure the
effect of hydrogen in solution on mechanical properties. To compare the degree of ductility
reduction in air vs. hydrogen, some tensile samples were also exposed to an air annealing
treatment of 72 hrs at 500°C in a box furnace. Following air exposures, the sample
surfaces were gold-tinted in apperance. To evaluate the effect of exposure to elevated
temperature only, additional specimens were subjected for 72 hrs to a temperature of 500°C

under a dynamic vacuum 2 x 107 torr.
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The results of these tension tests are summarized below in Table IX. From these results in
can be seen that yield strengths are not significantly influenced by the hydrogen or air
exposures at S00°C.  The vacuum exposures appear to lower the yield strength and
increase ductility, but it is unclear whether this is a significant result, given the inherent
variability of the cast microstructure. Both the hydrogen and the air exposures result in a

reduction in ductility.

Table IX - The Influence of 500°C Exposures on the Tensile Properties

500°C Exposure 0.2 % Y.S. UTS Tensile Elongation
Environment (MPa) (MPa) (%)
None 360 490 2.7
None 365 450 1.6
Vacuum 320 430 2.2
Vacuum 340 490 3.5
0.1 MPa Hydrogen 350 420 1.0
0.1 MPa Hydrogen 360 395 0.5
Air 360 370 0.6
Air 330 420 1.1

Tensile fracture surfaces of above samples are shown in Figure 53. For the unexposed (as
heat-treated) sample, low magnification views of the fracture surface shows translamellar
cracking of the lamellar regions and transgranular cracking in the 7y regions, Figures 53(a).
In this material it was not possible to conclusively locate the fracture origins. Higher

magnification views of translamellar cracking, Figure 53(b), is shown. Fracture surfaces
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of the vacuum-exposed materials were not significantly different from the non-exposed

fracture surfaces shown in Figure 53.

Hydrogen-charged Ti-48Al-2Cr-2Nb reveals mainly translamellar cracking (Figure 54) and
also does not differ significantly from the uncharged material. The air-exposed alloy
shows also translamellar fracture, but there is an increased incidence of "fluted" or
cleavage-like "river patterns" (Figure 55). This may be due to a locally higher proportion
of gamma grains. Again, in these samples it is not possible to identify crack initiation sites
or the propagation directions of the crack due to the high proportion of the lamellar

structure.

Investigations of the polished specimen surfaces just adjacent to the fracture surfaces reveal
deformation bands and secondary cracking near the main crack in the unexposed material
(Figure 56). These slip or twin bands exist in the y grains, but extend also across the o,
lamellae in the v — o, structure. In the heat treated, the hydrogen-charged and the vacuum-
exposed conditions, secondary cracks are formed along o, interfaces, either along lamellar
interfaces or along grain boundaries. Cracks form perpendicular, parallel or at angles to

the test direction depending on the microstructural orientation. The air-exposed condition
reveals a very different behavior compared to the unexposed, and vacuum or hydrogen
exposed samples, Figures 56(a) - (d). A high density of microcracks are apparent on the
surface just below the fracture plane. They appear to be preferentially present in regions

containing a higher proportion of «,, but also extend across gamma grains in some

regions.

The influence of the high pressure charging on mechanical properties was far more
dramatic, compared to the lower pressures. As mentioned earlier, tension tests were not

possible due to the brittle nature of the charged material. However, compression tests were
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possible on samples which were machined to shape prior to charging at 7 MPa and 13.8
MPa. Room temperature compressive stress-strain curves for charged and uncharged
specimens are shown in Figure 57. The deformation characteristics of the charged and
uncharged specimens differed significantly. The 0.2% yield strength in compression
increased from 440 MPa for the uncharged specimens to 735 and 740 MPa for the
specimens charged at 7 and 13.8 MPa, respectively. Compressive yield strengths are
apparently higher than in tension due to the orientation of the compression specimen axis
along the short transverse direction of the slab, whereas the tension specimens were
oriented longitudinal direction. Work hardening rates at 1 % plastic deformation were 7.3
GPa/unit strain in the uncharged condition, 7.7 GPa/unit strain after charging at 7 MPa and
9.0 GPa/unit strain after charging at 13.8 MPa. For plastic strains up to 2%, work
hardening rates decreased with increasing strain for all conditions. For higher strains the
hardening rate saturated at 4.5 GPa/unit strain in the uncharged Ti-48Al-2Cr-2Nb, at 4.8
GPa/unit strain after charging at 7 MPa and at 5.0 GPa/unit strain after charging at 13.8
MPa.

To further examine the influence of hydrogen on the rate sensitivity of the material, strain
rate change experiments were also conducted. Repeated changes between strain rates of
2x1074 s-! and 2x10-2 s-! demonstrated a pronounced rate sensitivity of both the charged
and uncharged materials. The strain rate sensitivity m = 8lno/8lné  at 1% plastic strain was
0.012 for the uncharged material, 0.009 for the material charged at 7 MPa and 0.007 for
the material charged at 13.8 MPa. For all charged and uncharged conditions, there was a
similar decrease in the level of the rate sensitivity with increasing stress to values leveling

around 0.004 for the highest plastic deformation examined.
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Figure 53 - Fracture surfaces of unexposed duplex 48-2-2 following tension testing.



Figure 55 - Fracture surface of tension specimen pre-exposed to alr.
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Figure 56(a) - Surface of tension sample, just below fracture plane for unexposed sample.

\

RN

ot
.
»

b
+

\

\ . »1\4 A

Figure 56(b) - Surface of tension sample, just below fracture plane for vacuum sample.
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3.5 Discussion

3.5.1 Hydrogen - Microstructure Interactions

Over the range of charging conditions utilized in this study, two phase y - a2 alloys had

higher hydrogen uptakes compared to the single phase 7y alloys.
charging pressure of 0.1 MPa, the hydrogen uptake was highest at the lowest charging
temperature of 500°C. These observations suggest that the o) phase dominates the
behavior of these materials with regard to hydrogen uptake, and are consistent with the
response of a number of other studies on &2, y- a2 and yalloys [4 - 18]. In two phase ¥

- a2 alloys, the hydrogen apparently strongly partitions to the o2, and this must be
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accounted for in the estimation of the hydrogen content of the hydride phases, as will be

discussed further below.

Agreement on the microstructural response of gamma-based titanium aluminides to
charging at relatively low pressures is beginning to emerge. At pressures of 0.1 MPa,

hydrogen is maintained in solution (except in impurity affected near-surface regions) with

no hydride formation in either single phase v alloys or 7y - a2 alloys. Because of the higher

solubility of hydrogen in the o) phase, the total hydrogen uptake is sensitive to the o2

proportion, and thus to alloy composition and heat treatment. The only report to the
contrary is that of Chu and Thompson [19], who found much higher hydrogen uptakes
compared to all other studies and reported the presence of hydrides following 0.1MPa
charging. In the Chu study, hydrogen uptake was inferred by measurements of weight
gains during charging. In the present study, we have determined that this is an unreliable
technique for determining hydrogen content, due to the high affinity of the alloys for trace
amounts of oxygen and other interstitials that may be present in a dynamic vacuum
environment. The availability of small quantities of these species results in series of
complex reactions with oxide formation that apparently enhances hydride formation, but
only in the near-surface regions. The results of Chu [19] were affected by these surface
phenomena, and the “extra” peaks in their X-ray spectra following charging can be

attributed to the presence of alumina.

It is presently unclear to what degree the surface oxide layers inhibit hydrogen permeation
into the material. Permeation studies on 0p-base alloys have demonstrated the inhibiting
nature of the surface films on hydrogen permeation, particularly at temperatures below 600
°C [20]. The effectiveness of the surface layer as a barrier to hydrogen transport depends
on its thickness, since titanium and its alloys have the ability to dissolve species such as C

and O. Thus the thickness of the surface layer will depend on a balance between the
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competing processes of layer formation and layer dissolution, which in turn will depend on
temperature and pressure. The process of dissolution of the impurities species into the
alloy is governed by the diffusion characteristics of the alloy for the species O, N and C.
Since diffusion is a thermally activated process, it is significantly more effective at higher
temperatures. Thus, above some critical temperature the barrier growth rate is presumably
slower than the dissolution rate and the layer thickness is reduced. For the op-base alloy
Ti-24 Al-11 Nb alloy, the critical temperature at which the hydrogen transport mechanism
converts from surface to diffusion control is approximately 650 °C [20]. No systematic
parallel studies have been conducted for y-TiAl base alloys. However, the surfaces of
duplex 48-2-2 charged at 13.8 MPa were clearly composed of a two-layer structure: a TiOp
outer layer and an AlpO3 inner layer. In this situation the © hydrides were associated with
the discontinuous alumina layer. It is thus unlikely that these mixed oxide layers inhibited
diffusion of hydrogen into the material in these experiments. Atlower pressures there were
also no indications of a continuous AlyO3 layer. Here, hydrides were also observed in the
surface of 48-2-2 charged at 0.1 MPa, but not in the interior of the samples, futher
suggesting that mixed oxide layers promote hydride formation. Additionally, in the study
by Gao et. al. [17], a sample which was subject to pre-oxidation at 800°C still achieved the
equilibrium (higher) concentration of hydrogen upon subsequent charging at 550°C.
Further detailed studies of the operative surface transport processes would clearly be

useful.

With regard to high pressure charging, to date no consistent observations have emerged
regarding hydride formation in single phase vy alloys or y-base alloys composed of a
mixture of the y and o2 phases [10 - 17]. Under conditions where FCC hydrides are
formed in the two alloys studied here, the ¥ - o alloy absorbed nearly four times more

hydrogen, compared to the single phase vy alloy. The FCC hydrides observed here in the

Ti-52Al and lamellar and duplex Ti-48Al-2Cr-2NDb alloys are similar to those observed by

101




Legzdina et. al. [2] in Ti-52Al and Ti-48.6A1-2Nb-0.2Ta single phase and duplex
structures, respectively. Following charging at 650°C and 13.8 MPa they observed
hydrogen concentrations of 2600 wppm and 11,000 wppm, respectively, for the single
phase and two phase alloys. It is interesting that the hydrogen uptakes at 13.8 MPa for the
48-2-2 and Ti-52Al alloys studied here were lower for the same hydrogen pressure, but at a
higher temperature. Presumably a higher volume fraction of FCC hydrides are present at

the lower charging temperature utilized by Legzdina et. al. [2].

In addition to the FCC hydrides discussed above, a number of other different ternary
hydrides have been reported in 7y - &3 alloys. Following charging at 650°C and 13.8MPa,
Matejczyk and Rhodes [12] observed a hexagonal phase with a = 0.517nm and ¢ =
0.518nm in a Ti-48.6Al1-2.4Cr alloy. Interestingly, the "a" lattice parameter is similar to
that observed here, although a much higher volume fraction of the hydride phase was
observed compared to the alloys studied here. Takasaki et al. [16] have observed a
different tetragonal hydride in cathodically charged lamellar Ti-42Al; the lattice parameters
for this phase have been reported as a = 0.452nm and ¢ = 0.326nm. The general
morphology and the presence of faults in the tetragonal hydride observed here is similar to
that observed by Schwartz et al. [11] in a duplex Ti-48Al alloy charged at 800°C in
10.5MPa Hj, with an uptake of 2600wppm. Although the crystal structure of the hydride
in the Ti-48Al alloy was not determined, the presence of a high density of faults spaced by
4 nm were observed parallel to planes which possessed a d-spacing of 0.7nm.  Recent
studies of TizAl-base alloys have indicated that hydrogen serves to stabilize the

orthorhombic phase [18]. Alternatively, Schwartz, et al. [6] reported E2, hydrides in a
single a2 phase of TizAl, after charging at 700 °C with a H uptake of 2000 wppm.

Although a number of different hydrides have been reported in other studies on ‘y-based

alloys, the lack of detailed characterization of their structure and composition make it
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difficult to speculate on their relationship, if any, with the 6 phase observed here. The unit
cell of the 6 phase is body-centered tetragonal with lattice parameters of a = 5.28 A, ¢ =
28.48 A. The 0 phase precipitates have both blocky and elongated shapes with sizes
ranging from 0.1-0.2 um in width by a few im in length, similar to the morphology of the
original ap present prior to charging. The 0 transformed from the oy laths takes an
elongated shape and the hydrides originating from grain boundary oy have blocky shapes.
TEM observations confirm that the orientation relationship between the 6 phase and o or y
phases, is (0001)owp//(111)y/(001)g, [112 OJop//[11 0]/[100]g. With o and Y volume
fractions taken as 10% and 90%, respectively, in duplex 48-2-2, an estimate of the hydride
stoichiometries can be obtained. For the duplex 48-2-2 a hydrogen uptake 2000 wppm is
considered. Assuming the hydrogen solubility in y phase of Ti-52 Al and duplex 48-2-2 is
identical, at 640 wppm, the total hydrogen partitioned to the o; phase would be 1424
wppm. The hydrogen content of the former a2 phase would then be 14,240 wppm. If the
atomic ratio of Ti/Al in the 6 hydride is taken as the average of 1.7, the calculated formula
of the 0 hydride should be Tij 7AIH; 5. This is consistent with the equilibrium Al content
of the oy phase at 800 °C at about 36 atomic % (Ti/Al = 1.77), based on the Ti-Al binary
phase diagram. The exposure time during high-pressure charging is 60 hrs, and
microstructural observations suggest that the hydrogen permeated the entire cross section of 7
the samples in this time period. Thus, it is very likely that no long-range diffusion is

required for conversion of the ap phase into the 8 hydride.

The estimation of the stoichiometry for FCC hydrides is more difficult due to the broad
range of Ti/Al atomic ratios, which varied from 1.14 to 2.19. The y phase and FCC
hydride have a cube-on-cube orientation relationship. Thus, if the FCC hydride originates
from the y phase with all the tetrahedral interstitial sites filled, its formula would be TiAlHj.

However, FCC hydrides were observed both in y phase and oy phase. Additionally, it is




apparent that the formation of FCC hydrides initially took place in o phase, with the
evidence that no 0p phase was observed in lamellar 48-2-2 charged at high pressure. TEM
bright field images also revealed a similar microstructural morphology of lamellar 48-2-2
charged at 13.8 and 7 MPa, but a higher volume fraction of FCC hydrides was observed at
foils charged at 13.8 MPa compared to 7 MPa. The FCC hydrides were preferentially
present in the previous oy phase regions, while, in y lath regions, smaller, cube shaped
hydrides and small needle-shape FCC hydrides were present after charging at 13.8 MPa
and 7 MPa, respectively. If the hydride has a Ti/Al ratio of 2, Ti atoms will be redundant
and some of the Al sites will be vacancies. So, the FCC hydride formula will be TipAlHy.
Under this situation, it appear that long-range diffusion of Ti and Al will be involved in the
precipitation process, which appears to be aided by heterogeneous nucleation along
boundaries and other defects. A relatively constant Ti/Al ratio (1.5) was measured from
duplex 48-2-2, after the second charging at 13.8 MPa and 800 °C. BF images also
revealed densely populated FCC hydrides both in equiaxed y and lamellar regions. The

hydride would have a atomic composition as Tij sAlHy.

Due to the faulted nature of the 6 hydrides observed here, it was not possible to determine
the atomic positions of the species that constitute the phase. However, given the diffraction
information obtained, it is possible to narrow the possible space groups for the phase; the
rationale for this follows. Table XI lists the main zone axes and corresponding reflections
of the 0 hydride as well as the general reflection conditions for space group I4 2d, I4;md
and I4j/amd [21]. The three possible space groups were generated by comparing the
missing spots in the SAD patterns with the International Space Group Tables. General
reflection conditions were applied to identify each specific space group, since the atom
arrangement in the unit cell is unknown. Comparing the conditions listed in the table to the
actual diffraction patterns in general, two reflections were not consistent with the space

group requirements, which are (006)g and (11 0). It is not unusual that (006)g spot is
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inconsistent with the requirement, since (006)g spot is parallel to (0001)ay, and the
(0001)0p spot was always observed in [112 0]ax pattern due to double diffraction. All (11
0)¢ should be missing reflections but their visibility could also be induced by double
diffraction. Thus it is difficult to make conclusions regarding the three space groups based
on conventional SAD patterns, due to the large unit cell in c* direction and the resultant
proximity of the diffraction spots as well as high density of faults in various orientations in
the hydride precipitate. For this reason a more thorough characterization of the structure of
the tetragonal precipitates via conventional convergent beam analysis also has not been

possible.

The differences in post-charged surface microstructures in both the low and high pressure
charging experiments at the higher end of the temperature range studied (above 740°C),
compared to the microstructures in the interior of the samples, are interesting since the
volume fractions of the hydrides in surface regions were much higher. It appears that
hydride formation is actually enhanced by the availability of oxygen. This may be due to
the need for redistribution of Al in order to form the Ti-rich hydrides. From a technological
point of view these surface observations are important because they suggest that any prior
surface oxidation may enhance the potential embrittling effect of hydrogen for two phase
materials and/or single phase alloys with low Al contents, particularly under low pressure

conditions.

3.5.2 Hydrogen and Mechanical Behavior

Low temperature exposures at 500°C have clearly been shown to reduce ductility.
Interestingly, an air exposure is just as detrimental as a hydrogen exposure. Although both
treatments show about the same ductility reduction, it is unlikely that the same mechanism

is responsible for this reduction. Tension samples which have been exposed to air exhibit a
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high density of surface microcracks following testing, whereas these are not observed
following vacuum or hydrogen exposures. The detrimental effect of oxygen exposures
have also been noted in several other studies [22 - 24]. With regard to low levels
hydrogen, it is unclear by what mechanism ductility reduction occurs. Fracture surface
characteristics were not markedly different in the hydrogen-charged material, compared to
the uncharged. Additionally, with materials containing a significant proportion of lamellar
structure it is difficult to identify fracture origins. Given some of the above surface
observations, these exposures may enhance surface crack initiation, but the experiments

conducted here can not conclusively confirm this.

Although no tension experiments were conducted on high pressure hydrogen-charged
material, there was clearly a strong embrittling effect of hydrogen compared to the low
pressure charging; sectioning and preparation of TEM foils was extremely difficult.
Considerable room temperature strengthening results from the precipitation of the hydride
phases following the high pressure charging experiments. It is interesting that the yield
strengths of the materials charged at 7 MPa and 13.8 MPa were similar, in spite of the fact
that two different hydride phases were observed. The mechanisms responsible for
strengthening in each case require further study. The presence of a significant volume
fraction of misfitting, coherent FCC hydrides could result in substantial strengthening due
to interactions with gliding dislocations and/or by altering the development of the
substructure in regions where the hydrides are preferentially present. The tetragonal
hydrogen-induced phase exists as particles which extend across the lamellae. These
additional interfaces presumably break up glide in favorably oriented colonies, i. e.
colonies inclined to the axis of the applied stress, thereby increasing the strength.
Presumably for both charging conditions additional solid solution strengthening occurs,
indicated by increased oxygen and nitrogen levels and the lattice distortion shown by the X-

ray results. It has been shown that the yield strength increases with oxygen content [25] in
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similar alloys, but not to the degree observed in the hydrogen-charged material. Only small
differences in strain rate sensitivity between the uncharged Ti-48Al-2Cr-2Nb and the
charged modifications have been observed. This indicates that the microstructural changes
due to hydrogen charging influence the rate insensitive, i.e. athermal deformation processes

to a greater degree than the rate sensitive processes.
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